Raman lidar data obtained over a one year period has been analyzed in relation to 25 aerosol layers in the free troposphere over the Highveld in South Africa. In total, 375 26 layers were observed above the boundary layer during the period 30 January 2010 -27 31 January 2011. The seasonal behavior of aerosol layer geometrical characteristics, 28 as well as intensive and extensive optical properties were studied. In general, layers 29 were observed at higher center heights during the South African spring (2520 ± 970 m 30 A.G.L.). The geometrical layer depth was found to be maximum during spring, while 31 it did not show any significant difference for the rest of the seasons. The variability of 32 the analyzed intensive and extensive optical properties was high during all seasons. 33
Introduction 48
Atmospheric aerosols from natural and anthropogenic origin contribute substantially 49 to global climate variability (IPCC, 2013) . A detailed understanding of the regional 50 geometrical characteristics and optical properties of aerosols, as well as their temporal 51 and spatial distribution is required before we can accurately evaluate aerosol effects in 52 the climate system (Hsu et al., 2000) . However, high-quality aerosol measurements in 53 the southern hemisphere are rather limited. South Africa is located at the actual weather conditions, spring can be rather short, lasting only two months, while 148 the summer is usually relatively long. In this study we accept the definition used in 149 Tyson, P.D. and Preston-Whyte, R.A (2004) . Each season lasts for a period of three 150 months with summer being from December to February, autumn from March to May, 151 winter from June to August and spring from September to November. In addition, we 152 present statistical results for the wet (October to March) and dry periods (April to 153 September), as well as for the "intense" biomass burning period (August to October). 154 and is currently operating at Vehmasmäki, Finland (62°44'17" N, 27°32'33.5" E, 190 175 m a.s.l.). The lidar system has been recently upgraded (Engelmann et al., 2012) objective is to study the extensive (backscatter and extinction coefficients) and 201 intensive (lidar ratio, Ångström exponents) optical properties of free tropospheric 202 aerosol layers in the region. The extinction and the backscatter coefficient profiles at 203 355 and 532 nm have been obtained with the Raman method (Ansmann et al., 1992) , 204 while the backscatter at 1064 nm has been determined using the Klett method (Klett, 205 1981 ). An overlap correction has been applied on the basis of a simple technique 206 proposed by Wandinger and Ansmann (2002) . The depolarization ratio profiles are 207 not analyzed in this study. 208
Instrumentation and methodology
The range-resolved elastic backscatter signal contains information that can be used to 209 derive the height of aerosol layers. The gradient method, also used in the EARLINET 210 community, was applied to determine the bottom and top layer heights of the aerosols 211 in the free troposphere (Flamant et al., 1997; Bösenberg et al., 2003; Mattis et al., 212 2008) . In general, the local maximum in the first derivative of backscatter at 1064 nm 213 is considered to be the bottom of a layer, while the local minimum is considered to be 214 the top of the layer. In order to verify the gradient method, we checked whether the 215 layer boundaries identified by the gradient method coincide with the bottom and top 216 heights that we recognize in coherent structures of the height time displays of the 217 range-corrected lidar signal. 218
In this work we analyzed the geometrical characteristics of the free tropospheric 219 aerosol layers above the measurement site. Layers observed inside the boundary layer 220 are not analyzed in this study. This involved determining the top of the planetary 221 boundary layer as presented by Korhonen et al. (2014) . Planetary boundary layer top 222 heights were retrieved from the lidar backscatter signal at 1064 nm using the Wavelet 10 were calculated by means of the HYSPLIT model (Draxler and Hess, 1997; Draxler 225 and Hess 1998) for the center height of each elevated layer. 226
In this paper we present the statistics on the seasonal behavior of free tropospheric 227 aerosol layers above South Africa. Our initial aim was to attribute each aerosol layer 228 to a certain aerosol type, since different sources emit different types of aerosols. 229 However, this was not possible because the aerosol layers were often observed to be 230 in a mixing state rather than as one single pure aerosol type. Detailed analysis with 231 respect to optical and microphysical aerosol properties for selected aerosol layers that 232 have been assigned to specific aerosol types will be presented in a subsequent article. 233
Results and discussion 234
The percentage of the night-time measurements performed each month in terms of 235 hourly averaged profiles every three hours is presented in Figure 1 seasonal precipitation cycle should not only affect the number of measurements that 248 could be performed but also the total number of layers observed. Therefore it is 249 expected that the fraction of measurements of free-tropospheric aerosol layers in 250 relation to the total number of observations should be less during the wet season due 251 to wet scavenging. However, our results indicate that during the wet period a 252 relatively large number of layers are still observed in the free troposphere. According 253 to Cosin and Tyson (1996) In order to further investigate the contribution of the free tropospheric aerosol load to 298 the columnar optical depth we studied the columnar, free tropospheric and boundary 299 layer optical depths in more detail. For each of the lidar measurements analyzed, 300 columnar aerosol optical depth estimates were determined by integrating the aerosol 301 extinction coefficient at 355 nm and 532 nm. We assumed that the extinction value at 302 the height for which the overlap function is equal to 0.7 is representative down to the 303 surface to account for the incomplete overlap region. The value of 0.7 is reached 304 between 300 and 500 m. Therefore, this is a reasonable assumption and it is also a 305 common approach in lidar studies (e.g. Giannakaki et al., 2010) . In Figure 4 we 306 present the columnar aerosol optical depth calculated from each of the hourly 307 analyzed lidar measurements. The mean columnar aerosol optical depth obtained from 308 lidar measurements was found to be 0.46 ± 0.35 at 355 nm and 0.25 ± 0.2 at 532 nm. 309
The lidar derived columnar aerosol optical depth exhibits a seasonal variability, with 310 maximum values of 1.54 and 0.78 at 355 and 532 nm, respectively measured in late 311 September. The same seasonal behavior is also observed with sun photometer data 312 (http://aeronet.gsfc.nasa.gov/cgi-313 bin/type_one_station_opera_v2_new?site=Elandsfontein&nachal=0&year=18&aero_ 314 water=0&level=3&if_day=0&if_err=0&place_code=10&year_or_month=1). 315
In an effort to explain the observed seasonality of the columnar aerosol optical depth, 316 we separately estimated the aerosol optical depth in the boundary layer and the free 317 troposphere at 355 nm, which are presented in Figure 5 (a). The boundary layer 318 optical depth is only indicative. As can be seen in Figure 5 (a), the same seasonal 319 pattern is observed for the aerosol optical depth at 355 nm in the boundary layer and 320 the free troposphere, i.e. larger aerosol optical depth values measured during late July, 321
August, September and October in the boundary layer and the free troposphere. This 322 is also found for the aerosol optical depth at 532 nm (not shown here). In Figure 5 Detailed statistical information on the extensive aerosol properties is presented in 366 Table 2 . It is evident that a wide range of extinction and backscatter coefficients for 367 the four seasons during the year is observed. In addition to seasonal values we also 368 present the values for wet, dry and biomass burning periods. 369 Mean Ångström exponents and lidar ratios were derived for the observed geometrical 370 layers in cases that the extinction and backscatter coefficients profiles could be 371 obtained. The monthly averaged lidar ratio at 355 and 532 nm, as well as the 372 Ångström exponents of free tropospheric layers are presented in Figure 8 . 373
Between late winter and throughout spring high lidar ratios are observed at both 374 wavelengths. During this period a significant contribution of aerosol layers originates from wild and controlled fires. Domestic biomass burning in informal settlements for 376 cooking and heating can also contribute, but these emissions are exclusively emitted 377 at ground level. It is therefore unlikely that such emission close to Elandsfontein will 378 have a significant impact to free tropospheric aerosol load measured. However, 379 household emissions are common across the entire southern Africa, which implies 380 that regional transport of such emission further away from Elandsfontein may results 381 in a contribution to the free tropospheric load measured over Elandsfontein. The 382 absorbing smoke aerosols, originating from all the afore-mentioned combustion 383 sources, can explain the large lidar ratio values observed. During this period the 384
Ångström exponents appear to have large variation, with smaller values observed for 385 lower aerosol layers. Ångström exponents appear to be lower from May to September. 386
This can be attributed to the lower precipitation (dry season). Therefore larger 387 particles stay longer in the atmosphere at lower layers, since they are not washed out. 388
The seasonal frequency distribution plots for the lidar ratio at 355 nm and the 389 Ångström exponent related to extinction between 355 and 532 nm are presented in 390 Figure 9 and 10, respectively. We present the frequency distribution plot only for 355 391 nm because observation of the lidar ratio at 532 nm was more often limited due to 392 detector problems. Additional information on the intensive optical properties for both 393 wavelengths is given in Table 3 . An average lidar ratio of 67 ± 25 sr at 355 nm and a 394 mean extinction-related Ångström exponent of 1.9 ± 0.8 between 355 and 532 nm are 395 measured during the entire sampling period in South Africa. 396 Lower mean values of lidar ratio and larger Ångström exponents have been observed 397 during summer. One possible explanation is the removal of larger aerosols through 398 wet-scavenging during these wetter months. Most of the free-tropospheric aerosol 399 layers observed during this period were associated with an easterly air mass flow. The 400 major industrial pollution sources are located primarily either to the north, west or 401 southwest of the lidar at Elandsfontein (Laakso et al., 2012) . Therefore, the easterly 402 flow that prevails during summer results in a less polluted free troposphere, compared 403 to other seasons. Aerosols measured during this period could also include maritime 404 aerosols with air masses moving from the Indian Ocean. 405
The distribution plots for autumn and winter are quite similar. However, 16% of 406 elevated aerosols during autumn are associated with lidar ratios lower than 40 sr, 407 while 12 % of lidar ratios were lower than 40 sr during winter. Seven-day backward 408 trajectory analysis clearly indicated that these aerosol plumes (with lidar ratio lower 409 than 40 sr), passed above the ocean. Wild fires in late July and August (see Figure  410 6(b)) are the mainly sources of absorbing smoke aerosols that result in aerosol layer 411 plumes with high lidar ratios during these months. The intensive biomass burning 412 activity in South Africa during spring is clearly reflected on the frequency distribution 413 of the lidar ratio at 355 nm indicated by larger lidar ratio values, with a peak between 414 80 and 100 sr. to an increase of particle size, was observed for fires in tropical forest and cerrado 442 during SCAR-B campaign (Reid et al., 1998) . In situ observations showed that 443
Ångström exponents (355-532 nm wavelength) were on the order of 2.2 ± 0.2 for 444 fresh smoke and 1.2 ± 0.2 for aged smoke. In this study, during spring which is the 445 intense biomass burning activity, mean Ångström exponent found to be 1.8 ± 0.5, 446
indicating relatively small and fresh particles. Moreover, different biomass fuel and 447 burning processes certainly generate particles of different initial size, which in the end
Summary and conclusions 450
The seasonal patterns of the geometrical characteristics and optical properties of 451 elevated aerosol layers at a continental site in South Africa are presented. The 452 elevated layers often "rest" on top of the planetary boundary layer. The geometrical 453 depth of the free tropospheric layers varies from a few hundred meters to several 454 kilometers. Pollution events are observed as single layer on 52% of the cases, while 455 they are often characterized by two (32 %), three (13 %) or more particle layers (3%). 3  3  38  23  55  37  36  25  25  56  13  40  21   3  3  38  23  55  37  36  25  25  56  13  40  21   3  3  35  16  48  33  33  12  20  45  4  32 3  3  35  21  42  27  33  12  20  47  4  30  16   3  3  36  22  48  30  36  12  20  47  4  36  20   2  2  6  5  28  12  21  7  20  37  2  7  6   3  3  35  16  48  33  33  12  20  45  4  32  18 
